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The onsets of the transitions are all in the vicinity of 36 K, the
transition temperature for x � 0:10. There is no bulk supercon-
ducting transition for x � 0:3 and x � 0:4. The data are interpreted
as indicating that bulk superconductivity in single-phase material is
suppressed for x greater than 0.10. The superconducting transitions
observed in the two-phase region are due to both the decreasing
amount of the bulk superconducting phase with increasing Al
content, and also to the distribution of Al contents in the powders.
The structural and magnetic data taken together therefore indicate
that the disappearance of bulk superconductivity in Mg1-xAlxB2

occurs at the same Al concentrations at which a structural transition
occursÐthis transition results in the partial collapse of the separa-
tion between boron planes.

The similarity of the calculated electronic density of states (DOS)
for MgB2 and AlB2 (ref. 6) indicates that the effect of substituting Al
for Mg can be considered primarily as a simple ®lling of available
electronic states, with one electron donated per Al, within a `rigid
band' picture. The calculations show4±6 that there is a sharp drop in
the DOS of MgB2 at only slightly higher electron concentrations.
The gradual decrease of Tc from 38 to 36 K with increasing Al
content in the single-phase region below x � 0:1 may therefore be
due to the expected decrease of the DOS at EF with increasing
electron count, consistent with a conventional origin for the
superconductivity10.

High-resolution structural study of uniform powders, if they
prove possible to synthesize, would help to determine how the
superconductivity and the structural transition are linked on an
electronic level. The proximity of MgB2 to a structural instability is
consistent with a general picture for conventional high-temperature
superconductors as being near chemical phase instability owing to
strong electron±lattice coupling. However, our data for Mg1-xAlxB2

do not suggest that the structural instability in this case is driven by
competition between superconductivity and a structural distortion
that would decrease the density of electronic states at the Fermi
energy; this is because the Al substitution both decreases Tc and
decreases the DOS at EF before the transition occurs. It is at ®rst
sight surprising that the observed structural instability in MgB2

involves a partial collapse of the separation of the boron layers, not a
change in the boron±boron in-plane distance. It will be of interest

to determine whether this collapse is associated with special
characteristics of the electronic band ®lling near 0.1 excess electrons
per cell. M
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Figure 3 Magnetization of Mg1-x AlxB2 as a function of temperature and Al concentration.

The ®gure shows magnetic characterization of the superconducting transitions for

polycrystalline powders of Mg1-x Alx B2 for x � 0±0:40. A ®eld of 15 Oe was applied after

cooling the samples in zero ®eld.

.................................................................
Electrical spin injection and
accumulation at room
temperature in an
all-metal mesoscopic spin valve
F. J. Jedema, A. T. Filip & B. J. van Wees

Department of Applied Physics and Materials Science Centre,

University of Groningen, Nijenborgh 4.13, 9747 AG Groningen, The Netherlands

..............................................................................................................................................

Finding a means to generate, control and use spin-polarized
currents represents an important challenge for spin-based elec-
tronics1±3, or `spintronics'. Spin currents and the associated
phenomenon of spin accumulation can be realized by driving a
current from a ferromagnetic electrode into a non-magnetic metal
or semiconductor. This was ®rst demonstrated over 15 years ago
in a spin injection experiment4 on a single crystal aluminium bar
at temperatures below 77 K. Recent experiments5±8 have demon-
strated successful optical detection of spin injection in semicon-
ductors, using either optical injection by circularly polarized light
or electrical injection from a magnetic semiconductor. However, it
has not been possible to achieve fully electrical spin injection and
detection at room temperature. Here we report room-tempera-
ture electrical injection and detection of spin currents and observe
spin accumulation in an all-metal lateral mesoscopic spin valve,
where ferromagnetic electrodes are used to drive a spin-polarized
current into crossed copper strips. We anticipate that larger
signals should be obtainable by optimizing the choice of materials
and device geometry.

Spin accumulation plays an important role in spin-polarized
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transport phenomena such as giant magnetoresistance (GMR),
domain-wall magnetoresistance and spin-current-induced magneti-
zation switching experiments9±12. We wanted to study the effect
isolated from other spin-related phenomena, such as spin-dependent
interface scattering, anisotropic magnetoresistance (AMR) and Hall
effects. Large spin-accumulation effects have been claimed, using a
ferromagnet±normal-metal±ferromagnet sandwich geometry13,14.
However, the interpretation of the data has raised problems, because
the magnitude of the observed effect requires a spin polarization of
the current in the normal metal of around 100% (refs 15±18).
Another problem is that the magnetoresistance effects of the
ferromagnetic contacts, such as AMR and Hall effects, can mask
or even mimic the spin-accumulation signal.

We have fabricated mesoscopic lateral spin valves to isolate the
spin accumulation signal completely, using a multi-terminal
geometry. In our spin-injection experiments, we use permalloy
Ni80Fe20 (Py) electrodes to drive a spin-polarized current into
copper (Cu) cross strips (Fig. 1). We observe clear spin valve
signals at T � 4:2 K, as well as at room temperature. From our
analysis we deduce a spin-¯ip length lN in the Cu wire of about
1 mm at 4.2 K, which is reduced to about 350 nm at room
temperature.

Two batches of samples were made in a two-step lift-off process,
using electron-beam lithography for patterning. The ®rst batch (1)
had a ®xed Py electrode spacing L of 250 nm, and in the second
batch (2) L is varied from 250 nm to 2 mm. To avoid magnetic fringe
®elds from the ferromagnetic electrodes, the 40-nm-thick Py
electrodes (Py1, Py2) were sputter deposited ®rst on a thermally
oxidized silicon substrate. Different geometric aspect ratios of Py1
and Py2 are used to obtain different coercive ®elds19. We can thus
control the relative magnetization con®guration (parallel/anti-
parallel) of Py1 and Py2, by sweeping an applied magnetic ®eld B,

directed parallel to their magnetic easy axis. The sizes of Py1 and Py2
in batch I were 2:0 3 0:8 mm2 and 14 3 0:5 mm2 respectively, as
shown in Fig. 1a. An additional set of Py1 and Py2, with sizes of
2:0 3 0:5 mm2 and 14 3 0:1 mm2, was used in batch II. This set
showed an improved magnetic switching behaviour and had coercive
®elds three times larger.

In the second fabrication step, 50-nm-thick crossed Cu strips
were deposited by e-gun evaporation in 1 3 10 2 8 mbar vacuum.
Before Cu deposition, the oxide of the Py electrodes was removed
by ion milling, to ensure transparent contacts. The conductivities
of the Py and Cu ®lms were determined to be jPy �

6:6 3 106 Q2 1 m 2 1 and jCu � 3:5 3 107 Q2 1 m 2 1 at room tem-
perature. At 4.2 K both conductivities increased by a factor of 2.

The measurements were performed by standard a.c. lock-in
techniques, using current magnitudes of 100 mA to 1 mA. We note
that in the `conventional' spin-valve geometry (sending a current I
from contacts to 1 to 7, and measuring the voltage V between
contacts 4 and 9), the signal R � V =I was completely dominated by
AMR and Hall effects of the Py contacts, having a typical magnitude
of 10 mQ. Although we have used the AMR signal of the contacts to
con®rm the switching of the Py electrodes, its presence has made
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Figure 1 Sample layout. a, Scanning electron microscope image of the mesoscopic spin

valve junction. The two wide horizontal strips are the ferromagnetic electrodes Py1 and

Py2. The vertical arms of the Cu cross (contacts 3 and 8) lie on top of the Py strips; the

horizontal arms of the Cu cross form contacts 5 and 6. Contacts 1, 2, 4, 7 and 9 are

attached to Py1 and Py2 to allow four terminal AMR measurements of the Py electrodes.

b, Schematic representation of the non-local measurement geometry. Current is entering

from contact 1 and extracted at contact 5. The voltage is measured between contact 6 and

contact 9.
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Figure 2 The spin valve effect at T � 4:2 K (a) and room temperature (b) in the non-local

geometry for a sample with 250 nm Py electrode spacing. An increase in resistance is

observed, when the magnetization con®guration is changed from parallel to anti-parallel.

The solid (dashed) lines correspond to the negative (positive) sweep direction. c, d, The

`memory effect'. For clarity c and d are offset downwards. We note that the vertical scale

of a is different from that of b, c and d. The sizes of the Py1 and Py2 electrodes are

2:0 3 0:5 mm2 and 14 3 0:1 mm2.

© 2001 Macmillan Magazines Ltd



letters to nature

NATURE | VOL 410 | 15 MARCH 2001 | www.nature.com 347

any observation of a spin-valve signal in the conventional spin-valve
geometry impossible.

However, in the non-local spin-valve geometry (see Fig. 1b) these
spurious effects can be eliminated. This technique is similar to the
`̀ potentiometric'' method of Johnson13,14. However, in our case, we
have completely separated the current and the voltage circuits.
Current now enters from contact 1 (Py1) and is extracted at contact
5 (Cu), whereas the voltage is measured between contact 6 (VCu) and
contact 9 (VPy2). Changing the relative magnetization con®guration
of Py1 and Py2 from parallel to anti-parallel will yield a signal only if
the densities (electrochemical potentials) of the spin-up and spin-
down electrons in the centre of the Cu cross are unequal. In a
parallel con®guration Py2 will measure the highest value of the two
unequal spin electrochemical potentials, whereas in an anti-parallel
con®guration it will measure the lower value. Changing from a
parallel to an anti-parallel con®guration will therefore decrease the
voltage (VPy2) measured by Py2, resulting in an increase in the
voltage difference (VCu 2 VPy2) measured, and hence an increase of
the resistance.

Figure 2a and b shows typical data taken at 4.2 K and room
temperature for a sample from batch II, with a 250-nm Py electrode
spacing. While sweeping the magnetic ®eld from negative to
positive ®eld, we observed an increase in the resistance when the
magnetization of Py1 ¯ips at 9 mT, resulting in an anti-parallel
magnetization con®guration. When the magnetization of Py2 ¯ips
at 47 mT (4.2 K) and 38 mT (room temperature), the magnetiza-
tions are parallel again, but now point in the opposite direction. The
magnitude of the measured background resistance, around 30 mQ
at 4.2 K and 120 mQ at room temperature, depends on the geo-
metrical shape of the Cu cross and is typically a fraction of the Cu
square resistance.

Figure 2c and d shows the `memory effect'. Coming from high
positive B ®eld, the sweep direction of the B ®eld is reversed after
Py1 has switched, but Py2 has not. At the moment of reversing the
sweep direction, the magnetic con®guration of Py1 and Py2 is anti-
parallel, and accordingly a higher resistance is measured. When the
B ®eld is swept back to its original high positive value, the resistance
remains at its increased level until Py1 switches back at a positive
®eld of 9 mT. At zero B ®eld the resistance can therefore have two
distinct values, depending on the magnetic history of the Py
electrodes. Samples with larger Py electrode spacing show identical
switching behaviour, but the magnitude of the spin signal DR is
reduced, as we will discuss below.

We have calculated the theoretically expected magnitude and the
Py electrode distance dependence of the spin valve signal DR for the
non-local geometry of Fig. 1b in the diffusive transport regime and

for transparent interfaces, following the lines of the standard Valet
Fert model for GMR20,21, adopted for our multi-terminal geometry.
We obtain22:

DR �

a2
F

lN

jNA
e�2 L=2lN�

�M � 1��M sinh�L=2lN� � cosh�L=2lN��
�1�

where M � �lNjF=lFjN��1 2 a2
F�, aF � j" 2 j#=j" � j# is the bulk

current polarization of the Py electrodes, j" (j#) are spin up (down)
conductivities in the ferromagnet, jN (jF) is the total conductivity of
the normal metal (ferromagnetic metal), lN (lF) is the spin-¯ip
length in the normal metal (ferromagnetic metal), L is the distance
between the two Py electrodes, and A is the cross-sectional area of
the normal metal wire. Equation (1) shows that for lN p L, the
magnitude of the spin signal DR will decay exponentially as a
function of L. In the opposite limit, lF p L p lN, the spin signal
DR has a 1/L dependence. We note that the spin signal DR is
determined by the bulk conductances of the ferromagnet and
normal metal over a distance of the spin-¯ip lengths. The origin
of the spin signal is therefore different from the spin-dependent
transport in tunnel junction experiments, where the density of
states at the interface is the important quantity for the magnitude of
the spin signal23. Hence, for tunnel junctions, the nature of the ®rst
atomic layers near the interface is crucial, whereas for transparent
contacts, which is the case for our device, the interface properties are
expected to be less important15,21.

We have measured the reduction of the magnitude of spin signal
DR as a function of the Py electrode spacing L, as shown in Fig. 3. By
®tting the data to equation (1) we have obtained lN in the Cu wire.
From the best ®ts we ®nd lN � 1 6 0:2 mm at T � 4:2 K, and
lN � 350 6 50 nm at room temperature. The values of lN are
compatible with those reported in the literature24: lN < 450 nm
for Cu in GMR measurements at 4.2 K. However, we cannot make a
straightforward comparison between the GMR results and ours. In
the thin ®lms we use, the elastic mean free path of the electrons is
limited by surface scattering, causing the conductivity of the Cu to
be smaller than in GMR layers. We also note that in Fig. 3 no good ®t
can be obtained for data where L � 250 nm. As the Py electrode
spacing L approaches the width Wof the Cu wire, the presence of the
side arms (Fig. 1a) will give rise to a local enhancement of the
conductance at the Cu cross and hence can result in an increase in
the spin signal. Therefore, in this limit, we can expect deviations
from our one-dimensional model.

We can calculate the spin-¯ip times tsf in the Cu wire, using a
Fermi velocity of nF � 1:57 3 106 m s 2 1 (ref. 25). At 4.2 K we ®nd
tsf � 42 ps, while at room temperature tsf � 11 ps. We will not
discuss the physics of the spin-¯ip scattering process here. However,
comparing the spin-¯ip time to the elastic scattering time
te � 2:9 3 10 2 14 s at 4.2 K, we ®nd that on average the spin is
¯ipped after about 103 elastic scattering events in the Cu wire.

In principle the ®ts of Fig. 3 also yield the spin polarization aF and
the spin-¯ip length lF of the Py electrodes. However, the values of aF

and lF cannot be determined separately, because in the relevant
limit (M q 1) which applies to our experiment (12 < M < 26), the
spin signal DR is proportional to the product a2

Fl
2
F. From the ®ts we

®nd aFlF < 1:2 nm at 4.2 K and aFlF < 0:5 nm at room tempera-
ture. Taking, from refs 17 and 18, a spin-¯ip length in the Py
electrode of lF � 5:5 nm (at 4.2 K), a bulk current polarization of
22% in the Py electrodes at 4.2 K is obtained: aF < 0:22. These
values are in the same range as the results obtained from the analysis
of the GMR effect9,10,17,18,24.

With the obtained parameters we can calculate the maximum
current polarization P � I" 2 I#=I" � I# in the Cu wire. For the
samples with the smallest Py electrode spacing we obtain P < 2%
at 4.2 K. When we scale the observed signals to the device cross-
sections, we ®nd that the scaled spin-valve signal of refs 13 and 14 is
typically four orders of magnitude larger than ours. This contrast
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Figure 3 Dependence of the magnitude of the spin signal DR on the Py electrode

distance L. The solid squares represent data taken at T � 4:2 K; the solid circles

represent data taken at room temperature. The solid lines represent the best ®ts based on

equation (1).
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corresponds with the need to invoke a spin polarization of the
current in the normal metal of about 100%, to explain the results of
refs 13 and 14 in terms of spin accumulation. In our opinion this
must imply that the observed effects of refs 13 and 14 cannot be
related to spin accumulation.

We have thus demonstrated spin injection and accumulation in
a mesoscopic spin valve. We ®nd a surprisingly long spin-¯ip
length in Cu of around 1mm at 4.2 K and about 350 nm at room
temperature. For the smallest Py electrode spacing, the magnitude
of the spin signal and the current polarization P in the Cu wire
are limited by the unfavourable ratio of the spin-independent
resistance of the Cu strips (L/jN) and the spin-dependent
resistance of the Py ferromagnet (lF/jF). In principle, larger signals
can therefore be obtained by a proper choice of materials and
geometries.

Finally we note that our system permits the study of spin
transport phenomena, such as controlled spin precession in solid
state devices and the control of spin-polarized currents at room
temperature by additional ferromagnetic contacts3,26. M
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Liquid crystalline behaviour is generally limited to a select group
of specially designed bulk substances. By contrast, it is a common
feature of simple molecular monolayers and other quasi-two-
dimensional systems1, which often possess a type of in-plane
ordering that results from unbinding of dislocationsÐa `hexatic'
liquid crystalline phase. The ¯ow of monolayers is closely related
to molecular transport in biological membranes, affects foam and
emulsion stability and is relevant to micro¯uidics research. For
liquid crystalline phases, it is important to understand the
coupling of the molecular orientation to the ¯ow. Orientationally
ordered (nematic) phases in bulk liquid crystals exhibit `shear
aligning' or `tumbling' behaviour under shear, and are described
quantitatively by Leslie±Ericksen theory2. For hexatic mono-
layers, the effects of ¯ow have been inferred from textures of
Langmuir±Blodgett ®lms3±5 and directly observed at the macro-
scopic level6±10. However, there is no accepted model of hexatic
¯ow at the molecular level. Here we report observations of a
hexatic Langmuir monolayer that reveal continuous, shear-
induced molecular precession, interrupted by occasional jump
discontinuities. Although super®cially similar to tumbling in a
bulk nematic phase, the kinematic details are quite different and
provide a possible mechanism for domain coarsening and even-
tual molecular alignment in monolayers. We explain the preces-
sion and jumps within a quantitative framework that involves
coupling of molecular orientation to the local molecular hexatic
`lattice', which is continuously deformed by shear.

The interfacial thermodynamics and rheology of molecular ®lms
like Langmuir monolayers are responsible for the stability of multi-
phase materials such as foams and emulsions11. They are important
model systems for studies of dynamics and molecular interactions
in bio-membranes and, as quasi-two-dimensional systems, display a
variety of unusual liquid crystalline phenomena. The application of
synchrotron X-ray scattering and specialized imaging techniques
such as ¯uorescence and Brewster angle microscopy (BAM) have
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Figure 1 Hexatic and nematic phase representations. a, A cartoon showing the molecular

geometry of rod-shaped molecules in a tilted hexatic phase. The molecule is tilted away

from the surface normal by the angle v, and the azimuthal direction of tilt is given by the

angle J. b, Schematic picture of a tilted hexatic phase viewed from above. The projection

of the molecules on the surface plane are oval; the dark circles represent the headgroups

at the interface. In this case, the molecular tilt direction is locked into the nearest

neighbour direction of the local distorted-hexagonal unit cell. We note that the orientation

of the unit cell remains uniform despite the presence of a lattice dislocation that destroys

the positional registry of the lattice. c, Schematic picture of a nematic phase. Molecules

are aligned in a common direction on average, but their positions are random.
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